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The influence of stress ratio on the tensile fatigue behavior 
of a unidirectional SiC-fiber/Si,N.,-matrix composite was in- 
vestigated at 1200°C. Tensile stress ratios of 0.1, 0.3, and 0.5 
were examined. Fatigue testing was conducted in air, at a 
sinusoidal loading frequency of 10 Hz. For peak fatigue 
stresses below the proportional limit of the composite (ap- 
proximately 195 MPa at 1200°C) specimens survived 5 X lo6 
cycles, independent of stress ratio. At peak stresses above the 
proportional limit, fatigue failures were observed; fatigue 
life decreased significantly as the stress ratio was lowered 
from 0.5 to 0.1. Creep appears to be the predominant dam- 
age mechanism which occurs during fatigue below the pro- 
portional limit. Both mechanical cycle-by-cycle fatigue 
damage and creep contribute to specimen failure at peak 
stresses above the proportional limit. [Key words: com- 
posites, hot pressing, fatigue, creep, silicon nitride.] 
I. Introduction 
NLY a limited number of studies have addressed the fa- 0 tigue behavior of fiber-reinforced ceramics." The lack 
of this information makes the integration of ceramic-matrix 
composites into engineering designs difficult. Furthermore, 
the lack of basic mechanical property data, under various 
loading histories and temperatures, slows the development of 
theoretical models required for a basic understanding of the 
mechanical behavior of fiber-reinforced ceramics. 
The occurrence of mechanical, cycle-by-cycle, fatigue dam- 
age has been documented in a variety of mono lit hi^'^^^^ and 
whisker-reinforced  ceramic^."^'^ Under cyclic loading, failure 
of monolithic and whisker-reinforced ceramics can occur at 
applied loads or stress intensities far below those which would 
cause subcritical crack growth under static loading.'L~'6~'7~3L32 
Fiber-reinforced ceramic composites have also been found to  
be susceptible to mechanical fati ue damage at ambient1,4,8 
and elevated t e m p e r a t u r e ~ . ~ ~ ~ ~ ' '  Very little is currently 
known about the influence of loading history on the elevated- 
temperature fatigue of ceramic-matrix composites. 
Holmes et aLS recently investigated the influence of maxi- 
mum fatigue stress on the fatigue life of unidirectional hot- 
pressed SiC-fiber/Si3N4-matrix composites* at 1000°C. It was 
found that the stress level at which nonlinear behavior began 
during monotonic tensile loading was an important indicator 
of the maximum fatigue stress which could be applied with- 
out premature fatigue failure. The  purpose of the present in- 
vestigation is to  extend this previous work to  a temperature 
range where creep deformation becomes important, and to 
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*Hereafter referred to as HP-SiCt/Si?N,. 
determine the influence of mean stress ((urnax + ~ 7 , , , , ~ ) / 2 )  on 
the fatigue life of HP-SiCr/Si3N4 composites. 
11. Experimental Procedure 
(1) Material and Specimen Geometry 
The unidirectional composite used in this investigation 
consisted of 30 vol% SCS-6 S i c  fibers in a Si3N4 matrix.+ The 
composite was manufactured by hot-pressing of dry-powder 
fiberimatrix lay-ups. Hot-pressing was performed at 1700°C 
under an applied pressure of 70 MPa. The consolidated billets 
had a density of 3.05 g/mm3, which is close to  99% of the 
theoretical density for this composite system. Although axial 
fiber alignment was within So after hot-pressing, fiber spacing 
was not uniform (see Fig. 1).* Porosity was occasionally 
observed between fibers which were in close proximity to 
one another. 
An edge-loaded specimen geometry (Fig. 2) was used for all 
monotonic tensile, fatigue, and creep experiments. The  over- 
all specimen length was 127 mm, with a gage length of 33 mm. 
Compared to the edge-loaded specimen used in an earlier 
study of fatigue at 1000"C,s the specimen used in the present 
investigation had a longer transition length between the gage 
section and grips. The  longer transition length increased the 
grip-to-grip distance, thereby reducing the temperature gradi- 
ent developed in the gage section. 
(2) Experimental Arrangement 
All mechanical  testing (monotonic tension,  fatigue, 
and creep) was conducted on a servohydraulic load frame 
equipped with self-aligning hydraulic grips.$ The experimen- 
tal arrangement is shown in Fig. 3. An induction-heated S i c  
susceptor was used to heat the specimen gage section. The 
length of the furnace hot zone was 65 mm. Although a large 
temperature gradient exists between the Ni-base grip attach- 
ments and specimen gage section, it was possible (through 
furnace and specimen design) to obtain a uniform gage sec- 
tion temperature. At 1200"C, the maximum temperature dif- 
ference between any two points along the gage section was 
approximately 12°C; at a given point, the time variation of 
temperature was controlled to within t1"C. The edge-loaded 
specimen geometry and self-aligning grips provided very ac- 
curate and reproducible specimen alignment. For applied 
stresses above SO MPa, the bending strain imposed on the 
specimen through misalignment of the load train was less 
than 2% of the applied axial strain (bending strains were de- 
termined at 22°C in accordance with ASTM Standard E1012- 
Two contact-type extensometers, located on opposite sides 
of the specimen, were used to measure gage-section displace- 
8s3'). 
'Material proccssed by Textron Specialty Materials, Lowell, MA. 
'Other processing techniques, such as tape-casting" and reaction bond- 
ing,'4-35 havc bccn shown lo provide composites with more uniform fiber 
spacing. 
'Model R10, MTS Systems Corporation, Minneapolis, M N  
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Fig. 1. SEM micrograph showing the typical fiber distribution 
present in the unidirectional HP-SiCf/SijN4 specimens. The SCS-6 
SIC fibers have a nominal diameter of 142 pm. 
ments. The tips of the AI2O3 extensometer rods contacted 
shallow conical dimples which were ground into the edge of 
the specimens. As discussed by Holmes et al.,5 this counter- 
acting extensometer arrangement allows a moderate exten- 
someter contact force to be used without introducing a net 
bending force in the specimen (using this extensometer ar- 
rangement, transverse loading of the specimen by one exten- 
someter is balanced by equal transverse loading from the 
opposing extensometer). In the present study, an extensome- 
ter contact force of 150 g per rod was employed. A moderate 
extensometer contact force is beneficial when testing above 
the proportional limit of fiber-reinforced ceramics, where the 
energy expended during fracture of the matrix and fibers 
might otherwise cause extensometer slip. The extensometer 
and load cell signals were gathered using a data acquisition 
system with 16-bit resolution and a sampling rate of 10000 
3.0 (nomlnal) 
21.5 rr (radlus center) 
47.0 (radius center) I 1 1.3 M.l 
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Fig. 3. Schematic of the experimental arrangement used to study 
the fatigue and creep behavior of HP-SiCt/Si,N4, composites. The 
use of two extensometers, located on opposite sides of the speci- 
men, allowed using a high contact force without imposing a net 
bending moment in the specimen. 
data points per second.n Initial fatigue data (to 10000 cycles) 
were stored at 100-cycle intervals, after which data were typi- 
cally stored at 1000-cycle intervals. 
(3) Test Parameters 
To establish the appropriate stress levels for use in the fa- 
tigue experiments, the monotonic tensile behavior of the 
composite was investigated at 1200°C. Tensile testing was 
conducted in air at a constant loading rate of 100 MPa/s. As 
shown in Fig. 4, the composite exhibits an initially linear 
stress-strain response, followed by a gradual decrease in 
modulus. For purposes of this study, the initial deviation 
from linearity was defined as the proportional limit strength, 
(J,]. Based upon four test results, the proportional limit 
strength of the HP-SiCf/Si3N4 composite used in the present 
investigation was between 188 and 215 MPa, with an average 
value of 196 MPa. 
All fatigue experiments were performed under load control 
at a sinusoidal loading frequency of 10 Hz. The fatigue tests 
were conducted at peak stresses of 180, 200, 220, 240, and 
270 MPa (these stresses range from 92% to 140% of the aver- 
age proportional limit strength at 1200°C). At peak stress of 
180 and 270 MPa, stress ratios of 0.1, 0.3, and 0.5 




Fig. 2. Edge-loaded specimen used to investigate the monotonic 
tension, tensile fatigue, and tensile creep behavior of HP- 
SiCr/SijN4 composites. (Dimensions in millimeters.) 
0 
0.25 Strain, % 
Fig. 4. Typical monotonic tensile curve for HP-SiCf/Si3Ns,at 
1200°C. Based upon four test results, the initial deviation from lin- 
ear response occurred between 188 and 215 MPa (defined as the 
proportional limit strength, rPl). The average initial tensile mod- 
ulus was 284 GPa. Tensile testing was conducted at a constant load- 
ing rate of 100 MPa/s. 
0 
July 1991 Influence of Stress Ratio on the Elevated-Temperature Fatigue of Silicon Nitride Composite 1641 
12OO0C, 10 Hz 
were examined. For all other stresses, testing was limited to 
stress ratios of 0.1 and 0.5. The fatigue specimens were 
loaded at a rate of 100 MPa/s to the desired peak stress, fol- 
lowed immediately by cyclic loading (the loading ramp was 
incorporated to determine the initial tensile behavior of each 
specimen). Depending upon the scatter observed in the 
fatigue-life data, three to four specimens were tested for each 
loading history. Fatigue runout was arbitrarily defined as 
5 x 106 cycles, which corresponds to approximately 139 h 
of testing. 
1200°C, 10 Hz 
111. Results and Discussion 
(1) Tensile Behavior 
As noted earlier, at 1200°C the HP-SiCf/Si3N4 composite 
exhibited a linear stress-strain response up to a stress of ap- 
proximately 188 to 215 MPa, followed by a gradual decrease 
in stiffness (Fig. 4). The ultimate strength ranged from 365 to 
392 MPa. In all cases, the strain to failure was less than 
0.25%. From analysis of the monotonic loading curves, the 
initial tensile modulus of the composite was between 272 and 
290 GPa (the average modulus was 284 GPa). Using data 
obtained by D i C a r l ~ ~ ~ , ~ '  for the 1200°C tensile modulus of 
SCS-6 BC fibers, and the dynamic modulus determined by 
Kossowsky et aL3' for hot-pressed Si3N4, a simple rule-of- 
mixtures calculation predicts an initial modulus of 305 GPa, 
in good agreement with the average tensile modulus of 
284 GPa which was experimentally determined. As verified 
by surface replicas obtained from a specimen which was 
sequentially loaded and unloaded in 20-MPa steps (from 140 
to 220 MPa), the decrease in modulus which occurs above the 
proportional limit is associated with the development of 
several well-defined matrix cracks (at a loading rate of 
100 MPa/s, creep deformation does not significantly influence 
the initial modulus or shape of the monotonic tensile curve4'). 
(2) Fatigue Life and Cyclic Stress-Strain Behavior 
At a peak fatigue stress of 180 MPa 
(=0.92cpl) all specimens survived 5 x lo6 cycles (139 h at 
120WC), independent of stress ratio (Fig. 5). As shown in 
Figs. 6(A) and (B), the cyclic stress-strain behavior of the 
composite remained linear to 5 x 10' cycles, with less than a 
5% decrease in modulus found after 5 x lo6 cycles. The ab- 
sence of measurable hysteresis in the cyclic stress-strain re- 
sponse suggests that little, if any, microcracking or fiber 
fracture occurred during fatigue at stress levels below the 
proportional limit (significant microstructural damage, in the 
form of microcracking or fiber fracture, typically causes hys- 
(A) cmOx < a,[: 
@ 3001 -1 
' I  runout (all stress ratlos) m 
rr. 1001 . . . . . ..... ' . . ..,..; ;I;;;.] R = 0.3 Y m Q n 0 
i o3 1 o 4  1 o5 1 o 6  10' 
Cycles 
Fig. 5. Influence of stress ratio on the tensile fatigue life of uni- 
directional HP-SiCr/Si3N4. At 180 MPa all specimens survived 
5 x lo6 cycles, independent of stress ratio (four specimens were fa- 
tigued at each stress ratio). Above the proportional limit, progres- 
sive fatigue failures were observed. 
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Fig. 6. Cyclic stress-strain behavior of HP-SiCr/Si3N4 at maxi- 
mum stress levels above and below the monotonic proportional 
limit (ap, = 196 MPa); (A) urnax = 180 MPa, R = 0.1, N f  > 5 x 
10' cycles; (B) CT,,, = 180 MPa, R = 0.5, Ni > 5 x lo6 cycles; 
(C), u,,, = 270 MPa, R = 0.1, Nr = 6.5 x lo4 cycles. Strain ratch- 
etting below the proportional limit ((A) and (B)) is attributed to 
creep deformation under a tensile mean stress. Above the propor- 
tional limit (C), both creep and the accumulation of mechanical 
fatigue damage contribute to strain ratchetting. The fatigue cycles 
are given above each curve. 
teresis in the cyclic stress-strain response of fiber-reinforced 
cerami~s). '-~,~-' ,~' 
(B) (T,,, opl: Progressive fatigue failures were ob- 
served for maximum fatigue stresses above the proportional 
limit. The fatigue life of the composite decreased as the stress 
ratio was lowered from 0.5 to 0.1 (Fig. 5) .  The scatter in fa- 
tigue life data increased significantly as the stress ratio was 
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lowered; the scatter approached 2 orders of magnitude at a 
peak stress of 270 MPa and stress ratio of 0.1. Hysteresis in 
the cyclic stress-strain response of the composite and a pro- 
gressive decrease in stiffness were observed for maximum fa- 
tigue stresses above the proportional limit (Fig. 6(C)). The 
hysteresis, which was most pronounced at a stress ratio of 0.1, 
increased with an increase in maximum fatigue stress. Above 
the proportional limit, the extent of fiber pullout observed 
after fatigue failure generally increased as the cycles to fail- 
ure increased. For example, at a peak stress of 270 MPa, very 
little fiber pullout was observed for fatigue failures that oc- 
curred in under lo4 cycles (Fig. 7(A)), whereas, significant 
fiber pullout accompanied fatigue failures that occurred at 
greater than 10' cycles (Fig. 7(B)). A similar dependence of 
fiber pullout length on exposure time was found for failures 
that occurred during sustained load testing (discussed below). 
For a fixed maximum stress, the stress amplitude imposed 
on the specimen increases as the stress ratio is lowered. Thus 
the reduction in fatigue life at R = 0.1 suggests that cyclic 
crack propagation controls fatigue life at stresses above the 
proportional limit (note that if  creep was the controlling dam- 
age mechanism one would expect an increase in time to fail- 
ure as the stress ratio, and hence mean stress, is lowered; as 
discussed later, the opposite trend was found). Although the 
precise mechanisms which give rise to crack growth during 
tension-tension fatigue of fiber-reinforced ceramics are not 
known at this time, it is possible (at elevated temperatures) 
that cyclic creep in the vicinity of a matrix crack could accel- 
erate crack growth through the formation of a residual tensile 
zone at the crack tip. 
(3) Role of Creep Deformation 
(A) umux iup/: Although stress-strain hysteresis was 
not observed during fatigue at maximum stresses below crpl, a 
significant amount of strain ratchetting** was found (see 
Figs. 6(A) and (B)). The extent of strain ratchetting increased 
significantly as the stress ratio was increased from 0.1 to 0.5. 
In an effort to understand the mechanisms responsible for 
this strain ratchetting, a series of creep tests were conducted 
at stress levels equal to the mean stress employed in fatigue 
testing. The results obtained from creep tests conducted at 
99 MPa are given in Fig. 8 (99 MPa is equal to the mean 
stress for fatigue at  urnax = 180 MPa and R = 0.1). Also 
shown in Fig. 8 is the increase in specimen strain measured 
during fatigue." Although the initial strain rate was much 
higher for fatigue loading, the steady-state increase in strain 
(defined here as the apparent steady-state creep rate) was simi- 
lar for both creep and fatigue loading (see Fig. 9). At 99 MPa 
the apparent steady-state creep rate ranged from an average 
of 9 x lo-'' s-' for creep loading to 2 x lo-'" s-' for fatigue 
loading. As the stress ratio was increased from 0.1 to 0.5, the 
correlation between the steady-state creep rate for sustained 
and cyclic loading improved (this is to be expected, however, 
since a limiting stress ratio of 1.0 would correspond to a static 
load test). Fitting the steady-state creep rate data given in 
Fig. 9 to a simple power-law relation between creep rate and 
applied stress (iBs = Bum) yields a stress exponent of approxi- 
mately 6.0. A similar analysis of the strain ratchetting found 
for fatigue loading gives a stress exponent of 5.7. The similar- 
ity in stress exponents found for creep and fatigue loading 
Fig.7. SEM micrographs comparing the  extent of fiber pullout 
observed for long- and short-duration fatigue loading above the  
proportional limit; (A) urnax = 270 MPa ( R  = 0.5), Nf = 2.2 x 
10' cycles; (B) (r, = 270 MPa ( R  = O.l ) ,  Nf = 3.6  X lo4 cycles. At  
umar = 270 MPa, the maximum pullout length was approximately 
2.8 mm ( R  = 0.5) and 0.9 mm ( R  = 0.1). T h e  fiber core (carbon) 
was partially oxidized during cooldown of the furnace after speci- 
men failure. 
**Note that strain ratchetting refers to the time-dependent progression of 
the cyclic stress-strain curves along the strain axis. 
"The specimen strain plotted in Fig. 8 was taken at the mean stress level. 
Since the cyclic stress-strain curves were linear for maximum fatigue 
stresses below the proportional limit (Fig. h(A)), using a different value of 
strain (e.g., that corresponding to the maximum fatigue stress) would trans- 
late the "creep" curves vertically along the strain axis, but would not alter 
their slope. 
scatter band for fatigue 
(1200°C, umean 99 MPa) 
$? 0.10 
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Time, hr 
Fig. 8. Comparison of creep deformation under static loading 
with the  strain ratchetting found during fatigue at a maximum 
stress below the proportional limit. T h e  creep tests were conducted 
at a stress level of 99 MPa, which is equal to the mean stress for 
fatigue at urnax = 180 MPa and R = 0.1. T h e  shaded scatter bands 
represent best fits to  the maximum and minimum curves found for 
creep and fatigue loading. 
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Fig. 9. Comparison of the apparent steady-state creep rate for fa- 
tigue and creep loading. The fatigue data shown were obtained at 
peak stresses below the proportional limit. 
suggests tha t  t h e  damage mechanism is similar for 
these two loading histories. The results indicate that the strain 
ratchetting observed during fatigue below cpl was caused pri- 
marily by time-dependent creep deformation under a tensile 
mean stress, rather than cycle-by-cycle crack growth (note 
that cyclic crack growth or an increase in crack density would 
significantly reduce composite stiffness-which was not ob- 
served). Thus, below the proportional limit and for positive 
stress ratios, creep appears to be the primary damage mecha- 
nism which occurs in HP-SiCt/Si3N4 composites. 
(B) cmax > up/: For fatigue loading at a maximum stress 
above the initial proportional limit, both cycle-by-cycle (me- 
chanical) fatigue crack growth and crack growth by creep are 
possible. In addition to the direct growth of matrix or interfa- 
cial cracks by creep, creep deformation will alter the residual 
stress state which exists in the composite. This is important, 
since a change in residual stress state will directly influence 
the rate of crack growth. One consequence of creep deforma- 
tion is a shift in the average matrix stress to a more positive 
value; creep of the matrix can also alter the interfacial shear 
which exists along the fibedmatrix interfa~e.~’ Thus, the ex- 
tent of microstructural damage which occurs during elevated 
temperature cyclic loading will be intimately related to the 
creep rates of the fiber and matrix. 
To determine if creep deformation played a significant role 
in determining specimen life during fatigue at peak stresses 
above the proportional limit, the failure times for sustained 
loading (stress rupture) and fatigue loading were compared. 
Based upon the correlation found above for the creep rates 
under sustained loading and cyclic loading below the propor- 
tional limit (Fig. 9), the mean fatigue stress was used for the 
comparison of failure times. The sustained-load experiments 
were conducted at stresses of 150, 175, and 200 MPa. These 
stresses are approximately equal to the mean fatigue stress 
which would have been present during fatigue at a maximum 
stress of 270 MPa and stress ratios of 0.1, 0.3, and 0.5. To 
simulate the initial microstructural damage that would be 
present in the fatigue experiments, the creep specimens were 
first loaded to 270 MPa at a rate of 100 MPa/s, followed by 
constant loading at the desired creep stress. 
When plotted against the mean stress, the failure times for 
fatigue loading are found to be lower than those for sustained 
loading. For example, the failure time exceeded 200 h for 
sustained loading at a stress of 150 MPa, whereas failure 
times for fatigue at a mean stress of 150 MPa ( R  = 0.1) were 
under 2 h. The large difference in failure times for sustained 
and fatigue loading at a stress ratio of 0.1 offers evidence that 
mechanical cycle-by-cycle fatigue damage accelerates the ac- 
cumulation of microstructural damage for stresses above the 
3 0 0  -v 
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Fig. 10. Comparison of failure times for sustained and fatigue 
loading. The fatigue data shown were obtained from experiments 
conducted at maximum stress levels of 220, 240, and 270 MPa 
(these stress levels are above the initial monotonic proportional 
limit strength of the composite). 
proportional limit. The occurrence of cyclic damage can also 
be inferred from the rapid decrease in specimen stiffness 
which was found for peak stresses above the proportional 
limit (Fig. 6(C)). For a stress ratio of 0.5, the failure times for 
creep and fatigue loading did not differ substantially (Fig. 10); 
these results suggest that creep, rather than cycle-by-cycle fa- 
tigue damage, may be the controlling damage mechanism 
which occurs under a high mean stress. 
It is important to note that the comparison of failure times 
was made using the mean fatigue stress. However, in view of 
the high stress sensitivity of creep (as discussed earlier, the 
stress exponent for creep is approximately 6), substantial 
creep deformation can occur during the portion of the fatigue 
cycle which is above the mean stress. Thus, although plotting 
the rupture times for fatigue against the mean fatigue stress 
provides a convenient approach for judging the influence of 
stress ratio on rupture time, it may seriously overestimate the 
stress sensitivity of failure time. 
As noted earlier, Han and S ~ r e s h ~ ~  found that the rate of 
cyclic crack growth in SiCw/Al2O3 composites tested at 
1400°C decreased as the stress ratio was lowered. In the 
present investigation, it was found that for peak stresses 
above the proportional limit the fatigue life of HP-SiCr/Si3N4 
composites decreased as the stress ratio was lowered. Since 
fatigue life should roughly scale with the rate of crack propa- 
gation, the results obtained in the present investigation sug- 
gest that the rate of crack propagation in HP-SiCr/Si3N4 
composites increases as the stress ratio is lowered. The differ- 
ent manner in which stress ratio influences the fatigue behav- 
ior of SiC,/AI2O3 and HP-SiCr/Si3N4 composites may be a 
reflection of the different creep strengths of these two sys- 
tems (note also that the SiC,/AI2O3 composite was investi- 
gated at a temperature where the creep rate of the A1203 
matrix would be rapid). In general, elevated-temperature fa- 
tigue life of a ceramic composite will depend upon the corn- 
peting effects of mechanical cycle-by-cycle crack growth and 
crack growth caused by matrix creep. Both modes of crack 
growth will be strongly influenced by the change in the resid- 
ual stress state which occurs during cyclic loading. For a given 
temperature, the residual stress state which develops in the 
composite will be governed by the relative creep rates of the 
fiber and matrix. Moreover, both fiber architecture and inter- 
facial properties will influence the ability of a particular com- 
posite microstructure to arrest crack propagation under 
creep-fatigue loading. In view of the competing effects of 
fiber and matrix creep, fiber architecture, and interfacial 
properties, and the scarcity of data concerning the creep or 
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fatigue behavior of other fiber-reinforced ceramics, it is diffi- 
cult to predict if the trends observed in the present investiga- 
tion will apply for other fiber-reinforced ceramics. 
(4) Influence of Fatigue on Tensile Behavior 
Monotonic tensile testing of four specimens which had been 
fatigued for 5 x 106 cycles at a peak stress below the propor- 
tional limit was conducted to determine the effect of long- 
duration cyclic loading on the composite modulus, ultimate 
strength, and proportional limit. To avoid further changes in 
microstructure or internal stress state of the composite, the 
tensile tests were conducted immediately after completion of 
each fatigue test. The results of these tensile tests showed 
that a decrease in both composite modulus (<5%) and ulti- 
mate strength (<20% reduction) occurred as a consequence 
of fatigue loading (see Fig. 11). Interestingly, the proportional 
limit strength increased after fatigue loading; the propor- 
tional limit strength ranged from 242 to 280 MPa (for as- 
received material, the proportional limit ranged from 188 to 
215 MPa). 
In a recent investigation of the monotonic tensile behavior 
of unidirectional HP-SiCf/Si3N4 composites it was found that 
isothermal exposure at 1200°C for 200 h (without load) de- 
creased the ultimate strength by approximately 10% and 
slightly decreased the proportional limit ~trength.~ '  These re- 
sults suggest that the increase in proportional limit strength 
which occurred after cyclic loading was caused by deforma- 
tion-related phenomena, such as a change in the residual 
stress state of the composite, rather than a change in interfa- 
cial properties acting alone. One plausible mechanism is a 
change in the residual stress state in the composite caused by 
cyclic creep of the matrix. Upon cooling of the composite 
billets from the processing temperature (1700°C) to room tem- 
perature, the matrix is placed in a state of residual compres- 
sion parallel to the fiber axis (note that the thermal expansion 
coefficient of the matrix is less than that of the fiber). Al- 
though reduced in magnitude (because of the smaller tem- 
perature difference), residual compression will persist after 
heating a virgin test specimen to 1200°C. Through finite ele- 
ment calculations, Park and Holmes4* have estimated that a 
compressive matrix stress of approximately 100 MPa would be 
present in a virgin HP-SiCf/Si3N4 tensile specimen which is 
heated without loading to 1200°C (this estimate assumes per- 
fect bonding along the fiber/matrix interface; the initial com- 
pressive stress would be much lower if debonding occurs 
during processing of the billets). During subsequent fatigue at 
1200"C, cyclic creep of the matrix relaxes the matrix stress 
400 
1200°C 
(after 5 x 106 cyctes) 
0.25 Strain, % 0 
Fig. 11. Influence of long-duration fatigue loading below the pro- 
portional l imit  on the monotonic tensile behavior of HP- 
SiCf/Si3N4. The curve to the right was obtained from a specimen 
which had been subjected to 5 x lo6 cycles at a peak stress of 
180 MPa and stress ratio of 0.1 (the approximately linear stress- 
strain response shown above is representative of that found for 
other specimens fatigued below the proportional limit). After fa- 
tigue, the proportional limit increased by approximately 20-35%, 
and the ultimate strength decreased by 12-20%. 
through the transfer of load to the fibers. For long-duration 
cyclic loading, the mean stress acting in the matrix can ap- 
proach zero. However, maintaining the specimen temperature 
at 1200"C, and reducing the fatigue load to zero (as in the 
present investigation) places the matrix in a state of residual 
compression by elastic contraction of the fibers. Finite ele- 
ment studies of tensile-creep deformation in HP-SiCf/Si3N4 
composites at 1200"C, show that the magnitude of the com- 
pressive stress which exists immediately after specimen un- 
loading is larger than the processing-related residual stress 
which would be present in  a virgin specimen heated t o  
1200°C. Thus, compared to  as-processed specimens, a larger 
external stress must be applied to the fatigue specimens to  
achieve a net tensile stress in the matrix sufficient to initiate 
cracking, leading to  a higher apparent proportional limit 
strength. 
It was of interest to  determine if the higher proportional 
limit strength found after long-duration fatigue at peak 
stresses below the initial proportional limit would shift the 
fatigue limit to higher stresses. To study this possibility, two 
specimens, which had undergone 5 x 10' fatigue cycles at a 
peak stress of 180 MPa ( R  = O.l), were subjected to fatigue at 
a peak stress of 240 MPa ( R  = 0.1). These specimens failed 
between 2.1 x 10' and 3.2 x lo6 cycles; as-received samples 
that were fatigued under similar loading conditions survived 
only 2000 to 50 000 cycles. These results clearly illustrate the 
influence of matrix cracking on the elevated temperature fa- 
tigue life of HP-SiCf/Si3N4 composites. Although the fatigue 
limit of the composite increased after prolonged fatigue be- 
low the initial proportional limit, this result must be viewed 
with caution, since the ultimate strength and toughness of the 
composite can decrease after elevated temperature exposure 
(Fig. 11). 
IV. Summary 
Based upon results obtained from tension-tension fatigue 
and tensile-creep testing of unidirectional hot-pressed SiCf/ 
Si3N4 composites at 1200"C, the following comments can 
be made: 
(1) For peak fatigue stresses below the monotonic propor- 
tional limit (-196 MPa), fatigue runout at 5 x lo6 cycles was 
observed for tensile stress ratios between 0.1 and 0.5. For a 
fixed maximum fatigue stress - above the proportional limit, 
fatigue life decreased as the stress amplitude was increased. 
At a stress ratio of 0.1, failure times under fatigue loading 
were significantly shorter than the failure times found for 
sustained loading at stress levels equal to the mean fatigue 
stress. 
(2) Strain ratchetting was observed during fatigue at max- 
imum stresses above and below the monotonic proportional 
limit. Below the proportional limit, the rate of strain ratchet- 
ting was similar to the creep rate measured during static-load 
experiments conducted at stress levels equal to the mean fa- 
tigue stress. Based upon this correlation, creep appears to be 
the predominate damage mechanism which occurs during 
elevated temperature cyclic loading below the monotonic 
proportional limit. Above the proportional limit, both creep 
damage and mechanical fatigue damage contribute to strain 
ratchetting. 
Long-term fatigue loading below the proportional 
limit resulted in a 20-3596 increase in the monotonic propor- 
tional limit and approximately a 20% decrease in ultimate 
strength. The  change in tensile behavior is attributed to a 
change in the residual stress state of the composite caused by 
long-term elevated temperature exposure under a tensile 
mean stress. 
Insufficient data are available t o  determine if the 
trends in elevated temperature fatigue behavior which were 
observed in the present investigation can be extrapolated to  
other, more complicated composite microstructures. 
(3) 
(4) 
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